Abstract: Systematic steady-state measurements were performed in order to investigate the effect of operating temperature on the individual half-cell reactions in all vanadium redox flow cells. Results confirm that the kinetic losses are dominated by the negative half-cell reaction. Steady-state polarization and AC impedance measurements allowed for extraction of kinetic parameters (exchange current densities, activation energy) of the corresponding half-cell reaction.
Introduction
Redox flow battery technology lends itself to large-scale storage of energy harvested from intermittent sources such as wind or solar power [1] [2] [3] [4] . The appeal of this technology is related to its prospects of a high degree of modularity, fast response time, inherent safety and prolonged cycle life [5] [6] [7] . Despite the multitude of different chemistries proposed in recent years [8] , by far the dominant type used in commercial systems is the all-vanadium redox flow battery (VRFB) already introduced by M. Skyllas-Kazacos in the 1980s [9, 10] . The well-founded advantage of the VRFB lies in the use of different redox states of a single element species to drive both half-cell reactions. As a consequence, capacity losses caused by the undesired crossover of active materials can be conveniently regenerated in a subsequent charge/discharge cycle. On the other hand, some of the vanadium species involved suffer from limited solubility, thus restricting energy density. Another concern is related to the precipitation of high valence vanadium oxides (mostly V 2 O 5 ), which becomes progressively problematic at operating temperatures above 40 • C in common VRFB electrolytes [11] .
Notwithstanding the above, VRFB has attained the highest degree of technical and commercial maturity of all flow battery types. For a large part, this preeminence has been nurtured by a wealth of research and development activities carried out with respect to improved vanadium electrolytes [11, 12] , ion-exchange membranes with both high conductivity and selectivity [13, 14] , more efficient electrodes [15] , as well as on a wide spectrum of theoretical approaches [16] [17] [18] [19] to understand the rather complex interactions which govern the performance and lifetime of VRFBs.
Temperature plays a pivotal role with respect to the stability of the vanadium electrolyte. Hence, the main effort has been focused on developing more concentrated vanadium electrolytes which facilitate VRFB operation within a larger temperature window [20] . In terms of the effects of cell temperature on electrochemical processes in VRFBs, scholarly references are relatively scarce. As expected, model studies on graphite electrodes show more favorable kinetics at an elevated temperature for the positive redox couple [21] . Langner et al. [22] studied the electrochemistry of the negative redox couple (V 2+ /V 3+ ) at more practically relevant (carbon felt) electrodes by means of cyclic voltammetry. They found indications that parasitic side reactions such as hydrogen evolution might become increasingly problematic at elevated temperatures. Similar observations were made in actual cells using reference electrodes to monitor the overpotentials [23] or by visualization of the formed hydrogen bubbles in transparent cells [24] . Single cell studies revealed a 90 mW·cm −2 peak power gain by increasing the operating temperature from 15 • C to 55 • C [25] . This gain in power density, however, was almost nullified by lower coulombic efficiency and a rapid drop in capacity. Xi et al. [26, 27] studied single cells from −20 • C up to 50 • C. They found almost constant voltage efficiency from 30 • C to 50 • C, while the coulombic efficiency steadily decreased with increasing cell temperature due to vanadium crossover. Overall, an operating temperature of 40 • C has been suggested for optimum electrolyte utilization. Finally, modelling studies have been performed to predict the evolution of cell temperature depending on components and operational parameters [28] .
To arrive at a more detailed understanding of the impact of temperature on VRFB performance, knowledge of the temperature effect on the individual half-cells is a crucial aspect-particularly because the redox chemistry of both half-cell couples is significantly different. For instance, the V 2+ /V 3+ redox couple (negative) is known as a typical inner-sphere redox system which has rather poor kinetics on carbon and which is inherently sensitive to surface oxygen groups on the carbon fibers. Moreover, the negative half-cell reaction is affected by parasitic side reactions such as hydrogen formation [23, 29] . Consequently, Bourke et al. [30] found substantial differences in the kinetics of the negative electrode depending on oxidative or reductive pretreatment. Previous studies in our lab confirmed correlations between the number of surface oxygen groups (e.g., -C=O) and the kinetics (exchange current densities normalized to the BET surface area) of the negative couple [31] . By contrast, the redox chemistry of V(IV) and V(V) species is very complex (i.e., multistep reaction pathways) [32] and displays a dependence of the reactivity on the graphitic character of the carbon electrode [31, 33] . This study investigates the effects of the operating temperature on the individual half-cell reactions by means of steady-state (double half-cell) measurements [31, 34, 35] with both redox couples. Experiments were carried out in each case with two Nafion ® membranes (Ion Power, Munich, Germany) with the same properties but different thickness in order to quantify the membrane contributions. Figure 1 shows the typical performance parameters of a full cell at three different temperatures. The observed trends corroborate the findings of previous studies. The increase in voltage efficiency in line with temperature can be attributed to better ionic conductance (porous electrode and membranes) as well as to faster charge-transfer kinetics. This beneficial trend comes at the expense of a lower current efficiency at elevated temperature, which is a result of an increased crossover of vanadium species [25] . The cell temperature of 35 • C yielded the best compromise between voltage and current efficiency (product of both yields the highest value). The observed effects on voltage and coulombic efficiency were very similar to studies using other types of membranes [25, 26, 36] . In the main part of this study, we present a methodology to break down the temperature effects on the corresponding half cells. Figure 1 shows the typical performance parameters of a full cell at three different temperatures. 
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Full Cell Test
Effects on Porous Electrode
As the porous electrode constitutes a mixed conductor (electronic and ionic transport), the resistance is determined by the electronic conductivity of the fibrous skeleton (σ S ) and the ionic conductivity within its voids (κ L ). The latter was calculated based on the measured bulk conductivity of the vanadium electrolyte (κ V ) and the porosity of the compressed felt (ε c ) using a Bruggeman approximation [19] .
(1) Figure 2a shows the area-specific ionic resistance (L/κ L ) calculated based on electrolyte conductivities ((κ V ), Figure 2b ) measured at different temperatures (L is the thickness of the porous electrode). As expected, the ionic conductivity of the porous electrode is more than one order of magnitude lower than its electronic conductance (σ S ) and increases with temperature. The total Ohmic resistance (R Ω e ) of the porous electrode is then given by a parallel combination of two resistors (L/σ S and L/κ L ).
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The observed trends corroborate the findings of previous studies. The increase in voltage efficiency in line with temperature can be attributed to better ionic conductance (porous electrode and membranes) as well as to faster charge-transfer kinetics. This beneficial trend comes at the expense of a lower current efficiency at elevated temperature, which is a result of an increased crossover of vanadium species [25] . The cell temperature of 35 °C yielded the best compromise between voltage and current efficiency (product of both yields the highest value). The observed effects on voltage and coulombic efficiency were very similar to studies using other types of membranes [25, 26, 36] . In the main part of this study, we present a methodology to break down the temperature effects on the corresponding half cells.
As the porous electrode constitutes a mixed conductor (electronic and ionic transport), the resistance is determined by the electronic conductivity of the fibrous skeleton (σ ) and the ionic conductivity within its voids (κ ). The latter was calculated based on the measured bulk conductivity of the vanadium electrolyte (κ ) and the porosity of the compressed felt (ℇ ) using a Bruggeman approximation [19] .
(1) Figure 2a shows the area-specific ionic resistance (L/ κ ) calculated based on electrolyte conductivities ((κ ), Figure 2b ) measured at different temperatures (L is the thickness of the porous electrode). As expected, the ionic conductivity of the porous electrode is more than one order of magnitude lower than its electronic conductance (σ ) and increases with temperature. The total Ohmic resistance (R ) of the porous electrode is then given by a parallel combination of two resistors (L/σ and L/κ ). Figure 2 shows the measured electrolyte conductivities and the calculated ohmic resistances (Equation (2)) of the porous electrodes at different temperatures. As expected, the conductivities of both half-cell electrolytes increase with temperature as shown in previous studies [37] . (2)) of the porous electrodes at different temperatures.
As expected, the conductivities of both half-cell electrolytes increase with temperature as shown in previous studies [37] .
Double Half-Cell Measurements
In order to assess the charge transfer kinetics, we applied the method of double half-cell measurements (DHC) recently introduced by Darling and Perry [34, 35] . This simple method features the same electrolyte composition in both half cells (either V 2+ /V 3+ or VO 2+ /VO 2 + ), meaning that it mimics a vanadium redox flow battery which is at steady-state conditions (i.e., operating at constant state of charge). Such measurements are particularly useful since concentration polarization is negligible, and due to the use of the same redox species on both electrodes, the dissection of the voltage losses is vastly simplified. Additionally, potential crossover of species does not lead to a distortion of the electrode performance parameters, which occurs in cycling studies on full cells. In our previous work, we have successfully employed this method to study different carbon felt type electrodes with respect to their catalytic activity for both half-cell reactions [31] . Upon passing a current (i app ) through such a cell, the potential of the double-half cell (E DHC ) with a geometric area A e is given by
R DHC contains contributions from the resistance of the ion-exchange membrane (R m ), the contact and collector resistances (R cc ) and the resistance of the porous electrodes (R e )
R e comprises Ohmic resistances and overpotentials associated with charge-transfer kinetics. The high-frequency impedance (Z HF DHC ), which is typically taken from the impedance spectra section where AC voltages and currents are in phase at high frequencies (HF), yields the purely conductive (Ohmic) losses of the cell [38] Z
In accordance with the widely-known 1D porous electrode model developed by Newman [39] , the total resistance of either electrode (R e ), which contains Ohmic and kinetic elements, can be approximated by
with y being a dimensionless quantity describing the rate of charge transfer
Equation (6) holds for linear polarization, a condition which applies to DHCs. As it is rather difficult to determine the (active) surface area (S a ) of the porous electrode accurately [40, 41] , the volumetric exchange current density (j 0 · S a ) [38] is used as a quantity describing the charge-transfer kinetics (S a values of virgin carbon felts are typically around 500 cm −1 ). Fitting the experimentally accessible values of double-half cell resistance (R DHC ) and high-frequency impedance (Z HF DHC ) to Equation (8) allows for the calculation of kinetic parameters (y). Figure 3 shows the polarization curves of negative and positive double half-cells using Nafion ® NR-211 and NR-212 ion exchange membranes. As expected, the positive double-half cells show a significantly lower DHC resistance due to the higher conductivity of the positive electrolyte and the faster kinetics of the positive couple. This is highly consistent with previous studies [29, [41] [42] [43] . Similarly, a clear distinction between DHCs built using NR-211 and NR-212 membranes is observed. Figure 3 shows the polarization curves of negative and positive double half-cells using Nafion ® NR-211 and NR-212 ion exchange membranes. As expected, the positive double-half cells show a significantly lower DHC resistance due to the higher conductivity of the positive electrolyte and the faster kinetics of the positive couple. This is highly consistent with previous studies [29, [41] [42] [43] . Similarly, a clear distinction between DHCs built using NR-211 and NR-212 membranes is observed. Figure 3 . Double half-cell measurements (DHC) polarization curves using positive and negative electrolytes (1.6 M vanadium, both at SOC = 50%) and Nafion ® NR-211 and NR-211 membranes at operating temperatures ranging from 25 °C to 50 °C.
The difference in DHC resistance can be used in order to quantify the effect of the membrane on the DHC resistance (see Supplementary Figure S1 ), since the specific conductivities of both membranes can be assumed to be identical. Taking the average value of the difference between positive and negative DHCs, we can estimate, for a full cell at SOC = 50%, an area-specific resistance (ASR) of a Nafion ® NR-212 of 321 mΩ•cm 2 (30 °C) and 252 mΩ•cm 2 (50 °C). These values are consistent with values reported in the literature [44, 45] . Fitting the experimentally determined resistance and impedance values (Figure 4a ) and material parameters (κ , σ , ε) to Equation (8) , the volumetric exchange current densities (j •S ) could be obtained for both half-cell reactions (Figure 4b ). The difference in DHC resistance can be used in order to quantify the effect of the membrane on the DHC resistance (see Supplementary Figure S1 ), since the specific conductivities of both membranes can be assumed to be identical. Taking the average value of the difference between positive and negative DHCs, we can estimate, for a full cell at SOC = 50%, an area-specific resistance (ASR) of a Nafion ® NR-212 of 321 mΩ·cm 2 (30 • C) and 252 mΩ·cm 2 (50 • C). These values are consistent with values reported in the literature [44, 45] . Fitting the experimentally determined resistance and impedance values (Figure 4a ) and material parameters (κ V , σ S , ε) to Equation (8) , the volumetric exchange current densities (j 0 · S a ) could be obtained for both half-cell reactions (Figure 4b ). Volumetric exchange current densities (j •S ) of negative and positive couples differ by almost two orders of magnitude (ratio positive to negative of between 40 and 51 depending on the temperature). A similar ratio has been observed in previous investigations, which performed a deconvolution of voltage losses by means of single-electrode impedance spectroscopy and reference electrodes [42, 43] . For the sake of comparison with previous studies based on different methodologies, we estimated S by multiplying the BET surface area of the felt (3.8 m 2 g -1 ) by its bulk density (0.09 g cm −3 ). This yields exchange current densities related to the geometric area of between 0.09 and 0.14 mA cm −2 geo for the negative and between 3.5 and 7.7 mA•cm −2 geo for the positive couple. These values are highly consistent with previous findings, which report 0.15/4.3 mA•cm −2 geo and 0.149/6.65 mA•cm −2 geo (ratio of positive to negative of 44) [46] . As the temperature dependence follows an Arrhenius-type behaviour for both redox couples, the activation energy ΔH≠ can readily obtained by differentiation
The values found (18.5 kJ•Mol −1 for V 2+ /V 3+ and 24.6 kJ•Mol −1 for VO 2+ /VO2 + ) are comparable to values gained from impedance analysis (charge-transfer resistance) of single electrodes [37] .
Discussion
The effect of operating temperature on both half-cell reactions in vanadium redox flow batteries was studied by means of steady-state measurements. This methodology facilitates the evaluation of the temperature effect on the individual redox reactions in VRFBs. It has been confirmed that, even for surface-treated electrodes, the rate of charge-transfer of the negative half-cell reactions are around 50 times lower than those for the positive half-cell. Both half-cells showed a linear increase in the rate of charge transfer with cell temperature, which allows for the calculation of the activation energy. The latter was on a similar level for both redox couples. Taking the temperature dependence of the voltage losses associated with both half-cells from this study we can make simple estimations on the effect of full cell resistance. For a VRFB cell with a Nafion ® N212 membrane this amounts to a drop in cell resistance of 78 mΩ•cm 2 per 10 K temperature increase. This value is comparable to the actual Volumetric exchange current densities (j 0 · S a ) of negative and positive couples differ by almost two orders of magnitude (ratio positive to negative of between 40 and 51 depending on the temperature). A similar ratio has been observed in previous investigations, which performed a deconvolution of voltage losses by means of single-electrode impedance spectroscopy and reference electrodes [42, 43] . For the sake of comparison with previous studies based on different methodologies, we estimated S a by multiplying the BET surface area of the felt (3.8 m 2 g -1 ) by its bulk density (0.09 g cm −3 ). This yields exchange current densities related to the geometric area of between 0.09 and 0.14 mA cm −2 geo for the negative and between 3.5 and 7.7 mA·cm −2 geo for the positive couple. These values are highly consistent with previous findings, which report 0.15/4.3 mA·cm −2 geo and 0.149/6.65 mA·cm −2 geo (ratio of positive to negative of 44) [46] . As the temperature dependence follows an Arrhenius-type behaviour for both redox couples, the activation energy ∆H = can readily obtained by differentiation dln(j 0 · S a dT
The values found (18.5 kJ·Mol −1 for V 2+ /V 3+ and 24.6 kJ·Mol −1 for VO 2+ /VO 2 + ) are comparable to values gained from impedance analysis (charge-transfer resistance) of single electrodes [37] .
The effect of operating temperature on both half-cell reactions in vanadium redox flow batteries was studied by means of steady-state measurements. This methodology facilitates the evaluation of the temperature effect on the individual redox reactions in VRFBs. It has been confirmed that, even for surface-treated electrodes, the rate of charge-transfer of the negative half-cell reactions are around 50 times lower than those for the positive half-cell. Both half-cells showed a linear increase in the rate of charge transfer with cell temperature, which allows for the calculation of the activation energy. The latter was on a similar level for both redox couples. Taking the temperature dependence of the voltage losses associated with both half-cells from this study we can make simple estimations on the effect of full cell resistance. For a VRFB cell with a Nafion ® N212 membrane this amounts to a drop in cell resistance of 78 mΩ·cm 2 per 10 K temperature increase. This value is comparable to the actual full cell data obtained using Fumasep ® membranes (Figure 1a ), for which a temperature increment of 10 K produced a reduction in cell resistance of 87 mΩ·cm 2 .
Our current efforts extend this approach to the study of ageing of carbon felt electrodes in vanadium redox flow batteries.
Materials and Methods
All cells were built using commercially available materials. Surface-treated SIGRACELL ® GFD 4.6 carbon felts (SGL Carbon, Meitingen, Germany) were used as electrode materials as described in Reference [29] . Glassy carbon (Sigradur ® , HTW, Thierhaupten, Germany, 2 mm) was chosen as the plate material for the full cell test as it is more stable at high SOC than graphite (which is prone to exfoliation). Full cell tests were carried out with an anion-exchange membrane (Fumasep ® FAP450, Fumatech, Bietigheim, Germany). A commercial vanadium electrolyte (1.6 M vanadium in 2 M sulfuric acid, GFE, Nuremberg, Germany) was used in all tests. Prior to DHC measurements, negative and positive electrolytes were adjusted to a state of charge (SOC) of 50% in a separate full cell. The SOC of the electrolytes was validated by measurements using a glassy carbon electrode against a saturated mercury sulfate reference electrode (SMSE, E 0 = +0.658 V) prior to DHC tests. All experiments were conducted using homebuilt cells with active areas of 20 cm 2 . The cells were assembled applying a felt compression to 75 ± 1% with respect to the uncompressed thickness (4.7 mm, L 0 ). L refers to the actual thickness of the porous electrode (distance from the separator to the current collector). The porosity of the electrode (ε) results as follows
With a porosity of the uncompressed felt (ε 0 ) of 0.945 (determined by mercury intrusion), we obtained a felt of 0.927 for the compressed electrode (ε). Full cell tests were performed using charge-discharge cycles at current densities with the end of charge/discharge being controlled by means of an open-circuit voltage (OCV) cell which was put in in series with the operating cell as described previously. For the OCV, a temperature coefficient of 1.6 mV·K −1 , which is consistent with published values and our own calibration measurements, was used. Galvanostatic charge-discharge cycling tests were performed between 10% and 90% SOC. Electrolyte circulation was maintained by two Liquiport ® diaphragm pumps (KNF Neuberger, Freiburg, Germany) operating at flow rates of 90 mL min −1 . A modified Scribner 857 flow battery test setup (Northern Pines, NC, USA) was used to record the current-voltage curves. The temperature was controlled by putting both electrolyte tanks in a thermostat bath. For double half-cells (DHCs), two cation exchange membranes (Nafion ® NR-211 and NR-212, Ion Power, Munich, Germany) were used. SIGRACELL ® TF6 flexible graphite plates (0.6 mm, SGL Technic, Valencia, CA, USA) served as current collectors in double half-cell measurements. Polished 2 mm copper plates, which served as current collector terminals, were each equipped with two screw contacts and leads (voltage and current).
The conductivity of the electrolyte was monitored during the tests (Mettler Toledo, Urdorf, Switzerland). Impedance spectra (amplitude 10 mV rms, 0.1 Hz to 100 KHz) were recorded at open-circuit potential before and after measurement of the polarization curves by means of a Solartron 1270/1260 potentiostat/frequency response analyzer. Measurements were carried out using Nafion ® NR-211 (dry thickness 25 µm) and Nafion ® NR-212 (dry thickness 51 µm), respectively. The membranes were equilibrated using alternating constant current cycling for 10 min. The area-specific electronic resistance of the porous electrode (L/σ S ) was obtained from two-point measurements with gold-plated contacts. R cc was determined to 30 ± 5 mΩ·cm 2 using plate/felt sandwiches with 4 different felts (variable thickness but identical porosity) and extrapolation to zero felt thickness [47] . Complementary measurements with a 'dry' cell (VRFB cell assembled without membrane) using the same felt compression level showed that the R cc values are consistent. 
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